Abstract A rather widespread idea on the functional importance of sphingolipids in cell membranes refers to the occurrence of ordered domains enriched in sphingomyelin and ceramide that are largely assumed to exist irrespective of the type of N-acyl chain in the sphingolipid. Ceramides and sphingomyelins are the simplest kind of two-chained sphingolipids and show a variety of species, depending on the fatty acyl chain length, hydroxylation, and unsaturation. Abundant evidences have shown that variations of the N-acyl chain length in ceramides and sphingomyelins markedly affect their phase state, interfacial elasticity, surface topography, electrostatics, and miscibility, and that even the usually conceived Bcondensed^sphingolipids and many of their mixtures may exhibit liquid-like expanded states. Their lateral miscibility properties are subtlety regulated by those chemical differences. Even between ceramides with different acyl chain length, their partial miscibility is responsible for a rich twodimensional structural variety that impacts on the membrane properties at the mesoscale level. In this review, we will discuss the miscibility properties of ceramide, sphingomyelin, and glycosphingolipids that differ in their N-acyl or oligosaccharide chains. This work is a second part that accompanies a previous overview of the properties of membranes formed by pure ceramides or sphingomyelins, which is also included in this Special Issue.
Introduction
The concept of Bmiscibility^can be quite ambiguous and misleading if not clearly focused on the particular scale range to which it is applied (Maggio 2004) . For example, at the local nm level, molecular immiscibility (or ideal full miscibility) in binary monolayers (with or without macroscopic phase domain separation on the μm scale range) can be inferred by the existence of smooth surface pressure-area isotherms, linear additive variation of mean molecular area, and dipole potential density as a function of the film composition, together with composition-invariant collapse pressures (Phillips 1972; Brockman 1994; Maggio et al. 1997; Carrer and Maggio 2001; Maggio 2004) . In binary or ternary systems, lateral immiscibility can be visually observed on the μm scale range by the presence of segregated phase or compositional domains (McConnell 1990; Möhwald 1995; Maggio 2000, 2002; Fanani et al. 2002; Rosetti et al. 2003) . However, when the system is rather complex regarding composition or surface topography, the emergence of lateral thermodynamic tensions and interfacial energy terms blurs away and impairs the detection of molecular cooperativity at the local level. This has the consequence of the film showing smooth compression isotherms, lacking the usual pressure-induced two-dimensional transitions or partial film collapse of immiscible segregated phase states; this could likely be erroneously interpreted as a homogeneously mixed surface while it may actually exhibit a This article is part of a Special Issue on 'Latin America' edited by Pietro Ciancaglini and Rosangela Itri.
richly featured surface topography on the mesoscopic level, with coexistence of immiscible domains of different composition and phase state Maggio 2000, 2002; Fanani et al. 2002; Rosetti et al. 2003 Rosetti et al. , 2005 . On the other hand, the existence of microheterogeneity on the μm scale range in the surface topography implies the existence of local interactions leading to unfavorable intermolecular mixing of at least some of the components along the lateral plane. For example, monolayers with quite a complex lipid-protein composition (prepared with the whole myelin membrane) exhibit smooth compression isotherms but labeling of ganglioside GM1, GalCer, and other components localize in segregated surface domains .
Early conclusions on the basis of calorimetric and monolayer studies (Maggio et al. 1978b ) indicated unfavorable selfinteractions among sphingolipids, but favorable mixing with glycerophospholipids (Maggio 2004; Maggio et al. 2004) . Also, the assumption that direct interactions among carbohydrates in the polar head groups of glycosphingolipids (GSLs) could cause self-association has received no supportive experimental evidence. On the contrary, it was shown that the presence of a lactose moiety in the polar head group works against homo-association and actually weakens intermolecular interactions by reducing packing efficiency by contributing to Bbulkiness^but not Bstickiness^ (Regen 2002) ; this was indicated many years ago by the progressive increase of the GSLs mean molecular area and decrease of their Tm as their oligosaccharide chains become more complex (Maggio et al. 1978a (Maggio et al. , 1985 . It is necessary to emphasize that the point is not if some type of sphingolipid can be found in segregated enriched domains (an established fact) or if topographical domains occur in biomembranes (surface microheterogeneity is also well proven), but what is the initial driving potential at the local molecular level for spontaneous sphingolipid segregation in domains and how thermodynamically stable or longlived such associations might be in the dynamic interfacial conditions (let alone introducing further harsh conditions for their putative isolation). So far, the reason for sphingolipid enrichment in segregated domains does not appear to be accounted for only by their individual molecular properties or chemical structure, such as the hydrogen bonding capacity of the amide linkage.
The presence of sphingolipids has been considered a major factor for detergent solubility of putatively condensed membrane domains. However, sphingolipids by themselves (and specially GSLs) do not hinder but generally increase propensity to solubilization (Sot et al. 2002) ; the higher the sphingomyelin (SM) proportion in systems with phosphatidylcholine, the less detergent required for its solubilization (Hertz and Barenholz 1975; Sot et al. 2002) . Thus, the condensed or expanded behavior, gel phase states, or liquidordered phases per se do not imply detergent insolubility. For natural PCs (T m s in the range of − 10 to 65°C) and for pure SM (T m ∼ 40°C), the gel phase state actually requires less detergent for solubilization, compared to the liquidcrystalline phase (Patra et al. 1998 (Patra et al. , 1999 . IR and EPR of PC/SM and PC/SM/cholesterol showed H-bonding between amide carbonyl of SM and hydroxyl of cholesterol, but the sterol contributes more to detergent insolubility at 37°C than at 4°C. PC weakens the interactions between SM and cholesterol in the liquid-ordered phase and facilitates detergent solubility (Veiga et al. 2000; Pilar Veiga et al. 2001 ) and the mixtures are detergent-solubilized at least equally, but generally more easily at 4°C than at 37°C. The detergent itself induces lipid redistribution and formation of insoluble associations (Heerklotz 2008) .
The following boxes summarize findings from the references quoted in the paragraph above. The interaction of some species of SM and ceramide (Cer) has been studied in monolayers (Busto et al. 2009 ) and bilayers (Busto et al. 2009; Westerlund et al. 2010) . 16:0 Cer forms condensed domains segregated from more liquid-like phases enriched in SM (Busto et al. 2009 ) and unsaturated PCs Pinto et al. 2011) even in the presence of low amounts of cholesterol Ale et al. 2012) , leading to the idea that Cer and cholesterol can compete in ordered domains with SM (Staneva et al. 2008; Busto et al. 2010) . Mixtures of Cer and SM N-acylated with palmitic acid (16:0) in monolayers show a thermodynamically stable point at X 16:0 Cer = 0.4 with molecular area condensation, whereas in bilayer systems, complex differential scanning calorimetry (DSC) thermograms occur (Busto et al. 2009 ) with increasing melting temperatures at increasing ceramide content. A similar behavior was also reported for mixtures of 16:0 SM with 12:0, 18:0, and even 24:1 Cer (Westerlund et al. 2010) . On the other hand, the interaction with the shorter N-acyl chain length 4:0 and 8:0 Cers resulted in complex thermograms, but at decreasing temperatures.
Ceramide mixtures
Ceramides are the simplest two-chained sphingolipids and those with long saturated acyl chains exhibit strong intermolecular association. As a consequence, such Cers form segregated solid-like condensed domains, in both bilayers and monolayers, that even exclude fluorescent probes and proteins (Carrer and Maggio 1999; Holopainen et al. 2001; Härtel et al. 2005; Castro et al. 2007; Chiantia et al. 2008; Busto et al. 2009; Karttunen et al. 2009; López-Montero et al. 2010) . Natural mixtures of Cer are mainly composed of long chain Cers. In particular, chicken egg Cer has 84% of 16:0 Cer and its surface behavior closely resembles that of pure 16:0 Cer (Fanani and Maggio 2010; Catapano et al. 2015) . LopezMontero and co-workers described the solid character of natural Cer monolayers by shear surface rheology studies (Catapano et al. 2011 (Catapano et al. , 2015 López-Montero et al. 2013) . High compression and shear moduli were measured at room temperature, which constitutes a signature for the solid character. Ceramide monolayers undergo plastic deformations in response to an applied stress exceeding the yield point (López-Montero et al. 2013 ). This unique feature has converted Cers into the paradigm of rigid lipids. Upon heating, natural Cer film undergoes a solid to fluid transition, which was evidenced as a vanishing shear rigidity at lower temperatures than the lipid melting temperature. Additionally, a process compatible with a glassy behavior was found upon cooling. This behavior was also correlated with calorimetric behavior of egg Cer suspensions (Catapano et al. 2015) . This has somehow introduced the unfortunate erroneous bias, especially acknowledged in the cell membrane biology field, that all Cers would be condensed type of compounds forming solid-like domains at all degrees of surface density.
However, Cers occur with a variety of N-acyl chain lengths, as mentioned in this revision work in Part I of this Special Issue, and those with chain lengths shorter than the hydrocarbon moiety of sphingosine can form expanded phases and undergo typical monolayer liquid-expanded (LE) to liquid-condensed (LC) phase transitions at room temperature and defined surface pressures (Dupuy et al. 2011) . The strong influence of the type of N-linked acyl chain is also reflected in the behavior of 10:0 Cer mixed with Cers of increasing acyl chain length. The mixtures of 10:0-12:0 Cer showed ideal mixing, even though their minimal mismatch in acyl chain length resulted in a considerable difference in the tendency to adopt the condensed state (Dupuy and Maggio 2012) . It is worth mentioning that, in the phase transition region of each mixture, the surface topography reveals condensed domain shape evolving from small and rounded 10:0 Cer domains in films with high proportions of this Cer to large flower-like domains similar to those of pure 12:0 Cer in films enriched in the latter lipid (Fig. 1) . The population of condensed domains observed during the monolayer phase transition and the narrow range of surface pressure over which domain formation takes place also supports that the behavior of the mixture resembles that of a single molecular entity that cooperatively transforms from an expanded to a condensed state.
At 24°C, 14:0 Cer is able to form mixed expanded phases with 10:0 Cer. When the content of 14:0 Cer is above 50 mol%, partial de-mixing and coexistence of condensed phases of the components occurs at high surface pressures as observed by BAM: a 14:0 Cer-enriched phase formerly nucleates in domains and a continuous 10:0 Cer-enriched phase undergoes the LE-LC transition at surface pressures close to the transition pressure of pure 10:0 Cer (Dupuy and Maggio 2012) . The partial miscibility of 10:0 Cer and 14:0 Cer with formation of a 10:0 Cer-enriched phase explains the nonhorizontal phase coexistence region of the surface pressuremolecular area isotherm of the mixtures (Fig. 1) .
Delayed domain growth yields a non-zero rigidity at the phase coexistence region during film compression (Arriaga et al. 2010) . The resistance to the phase change would be a consequence of a balance of the energy necessary for nucleation of more condensed domains and the line tension and plasticity of the more liquid phase that opposes domain growth in the film where the condensed phase is formed. In the 14:0/10:0 Cer mixture, the presence of the longer N-acyl chain length in the expanded phase increases the rigidity, which should also contribute to the increase of the surface pressure necessary to achieve phase coexistence. Cers with N-linked acyl chains longer than 18 carbons produce condensed films that, different to 14:0 Cer, give rise to phase coexistence when mixed with 10:0 Cer at both low and high surface pressures over the whole range of composition (Fig. 1) . The topography of the mixtures visualized by BAM confirmed phase separation at low and high surface pressures. At low surface pressure, 18:0 Cer-enriched condensed domains are surrounded by a 10:0 Cer-enriched expanded phase and show smaller rounded or thinner striped shapes when compared to condensed domains observed in the mixtures of 14:0 Cer/10:0 Cer.
The effect of hydrophobic mismatch is further clarified by comparing the surface behavior of the pairs 14:0 Cer/10:0 Cer at 23°C and 16:0/12:0 Cer at 40°C. Both systems possess the same hydrocarbon chain length difference between the sphingoid and N-acyl chains, but enhanced van der Waals interactions would be expected for the mixture containing longer acyl chains, such as 16:0/12:0 Cer. On the contrary, the mixtures displayed very similar behavior when force-area curves were compared, showing similar dependence (decrease) of the transition surface pressure with variations of the film composition, indicative of the mixing of Cers in the expanded state. Thus, N-acyl chain length determines both the phase behavior and the mixing in Cer monolayers (Dupuy and Maggio 2012) .
In phospholipid bilayers, the hydrophobic mismatch between the components in binary mixtures leads to different types of phase diagrams (Mabrey and Sturtevant 1976; de Almeida et al. 2005) . For PCs, a difference of six carbons in the acyl chain length in the mixture of symmetric dilauroyl-PC/distearoyl-PC produced a rather flattened fluid-gel coexistence line (Mabrey and Sturtevant 1976; Risbo et al. 1995) . In monolayers of asymmetric Cers N-acylated with saturated fatty acids, a difference of eight carbons in the N-acyl chain length mismatch was necessary to yield a similar mixing behavior of a solid/gel phase in equilibrium with an LE/liquid crystalline one. On the other hand, both in symmetric PC bilayers and in monolayers of asymmetric Cers, a hydrophobic mismatch of only two carbons (dimiristoyl-PC/ dipalmitoyl-PC and 12:0 Cer/10:0 Cer) produced mixtures with almost ideal mixing behavior (Mabrey and Sturtevant 1976) . A correlation of the mixing behavior in bilayers and monolayers was also observed for a hydrophobic mismatch of four carbons in both systems: an LE phase composed of both components in the mixture and a condensed phase coexisting with the LE phase over a broad range of temperatures and surface pressures (for the bilayers or monolayers, respectively) (Dupuy and Maggio 2012) .
Under conditions in which homogeneous expanded films of mixtures of a long and a short chain Cer (14:0/10:0 Cer; 16:0/12:0 Cer) are formed, there are no differences in the surface compressibility moduli compared to the LE phase of the pure short chain Cer. Actually, at 15 mN.m remain invariant with composition at X 14:0Cer < 0.5, indicating that the elasticity of the whole film in this composition range is Dupuy and Maggio (2012) accounted for by the continuous expanded phase. On the other hand, BAM imaging shows that the LE phase of the film is homogeneous at the micrometric level and shows a p-reflectivity higher than that of 10:0 Cer at comparable surface pressures (Dupuy and Maggio 2012) . The latter results point indicate that the expanded state is actually composed by 10:0 Cer and the thicker 14:0 Cer. At X 14:0 Cer above 0.5, the excess of the long chain Cer and the condensed domains leads to an increase of the surface compressional modulus and, consequently, to increased amounts of condensed phase in the mixture. In this manner, the elastic properties of the film do not change under the incorporation of a more solid state-prone lipid such as 14:0 Cer and, as long as the LE phase is able to accommodate the molecules, no phase separation occurs. The condensed domains in equilibrium with the expanded phase impose dynamic rigidity or stiffening upon compression but retain a global state typical of expanded phases (Wilke and Maggio 2009; Wilke et al. 2010) . In this manner, the increased amount of domains in the 18:0/10:0 Cer as compared to the 14:0/10:0 Cer mixture can also explain the higher values of the compressibility modulus by imposing more resistance to compression.
Mixtures of ceramides with sphingomyelins and glycerophospholipids
The interaction of some species of SM and Cer was studied in monolayers (Busto et al. 2009; Wilke and Maggio 2009 ) and bilayers (Busto et al. 2009; Westerlund et al. 2010) , as well as natural mixtures of Cer and SM (Catapano et al. 2011) . 16:0 Cer forms condensed domains segregated from fluid phases enriched in 16:0 SM (Busto et al. 2009 ) and unsaturated PCs Pinto et al. 2011 ) even in the presence of low amounts of cholesterol ), leading to the idea that Cer and cholesterol can compete in ordered domains with SM (Staneva et al. 2008; Busto et al. 2010) . Mixtures of Cers and SMs N-acylated with palmitic acid (16:0) at the air−water interface showed a thermodynamically stable point at X 16:0 Cer = 0.4 with molecular area condensation, whereas in bilayer systems, complex DSC thermograms were reported (Busto et al. 2009 ) with increasing melting temperatures at increasing 16:0 Cer content. A similar behavior was also reported for mixtures of 16:0 SM with 12:0, 18:0, and even 24:1 Cers (Westerlund et al. 2010 ). On the other hand, the interaction with the shorter N-acyl chain length 4:0 and 8:0 Cers resulted in complex thermograms but at decreasing temperatures. By means of nuclear magnetic resonance, Leung et al. (2012) measured the specific melting of 16:0 SM and 16:0 Cer upon gel-to-liquid crystalline phase transition using perdeuterated palmitic acid N-acylated in either Cer or SM; it was demonstrated that Cer induced gel-phase stabilization by hydrocarbon chain ordering upon mixing and melting of the SM component at slightly lower temperatures.
At low surface pressures, the mechanical properties of 16:0 Cer and 16:0 SM mixtures are related to the crowding effect of Cer-enriched domains immersed in an SM-enriched continuous phase in the LE state. The monolayer viscosity depends on the lateral pressure and on the domain-domain distance. The viscosity change with pressure is caused by both an increase of intrinsic viscosity and an increase in domain crowding, whilst as the domain array is relaxed, repulsive dipolar interactions appear to acquire importance (Wilke and Maggio 2009 ). At high surface pressures (> 20 mN/m), the films composed of a natural mixture of SM (egg SM) are present as disordered solid or LC state with a rheological response typical of a fluid system. On the other, hand egg Cer show a finite shear response, typical of a solid state, as has been commented above , with higher elastic storage than viscous losses. Egg Cer increases the solid character of SMbased membranes and decreases their fluidity, thus drastically decreasing the lateral mobilities of embedded objects (Catapano et al. 2011) . The mixed film containing egg Cer/egg SM (1:2) showed an intermediate viscous character, a fact that can be related to the 1:2 maximal compaction due to the molecular complexation previously hypothesized by Busto et al. (2009) .
The physical properties of Cer interaction with glycerophospholipids in model membranes revealed important effects on membrane permeability (Ruiz-Argüello et al. 1996; Siskind and Colombini 2000) , transbilayer flip-flop lipid motion (Contreras et al. 2003) , and lateral domain segregation (Huang et al. 1996; Carrer and Maggio 1999; Veiga et al. 1999) . Cer-induced domain segregation in several lipid mixtures with glycerophospholipids (Huang et al. 1996; Carrer and Maggio 1999; Veiga et al. 1999; Fanani et al. 2002; Hsueh et al. 2002; Sot et al. 2005 Sot et al. , 2006 Carrer et al. 2006) has been reported using different biophysical approaches [see Alonso (2006, 2009) for reviews]. Cers induce high-temperature melting domains in mixtures where phospholipids display low (palmitoyl-oleoyl-PC) (Hsueh et al. 2002) and high (dipalmitoyl-PC or dielaidoylphosphatidylethanolamine) (Carrer and Maggio 1999; Sot et al. 2005 ) gel-to-fluid phase transition temperatures. A microscopy study combining DSC, fluorescence spectroscopy, and confocal fluorescence on the interaction of egg Cer with its relative egg SM showed the segregation of detergentresistant Cer-enriched domains (Sot et al. 2006 ). In either premixed or enzyme-generated systems with bovine brain SM [mainly stearic (18:0) and lignoceric (24:0) acyl chains], Cer induces morphologically different Cer-enriched domains, depending on how the mixture was generated (Fanani et al. 2002 De Tullio et al. 2008) . Furthermore, different types of Cer-enriched domains are enzymatically formed in the presence of cholesterol, showing high solubility in cholesterol-rich membranes (Silva et al. 2009; Ale et al. 2012 ).
Saturated acyl chains are associated with stronger interactions with the glycerophospholipid and with generation of condensed lipid domains. Differences in acyl chain length induce membrane interdigitation (Carrer et al. 2006; Pinto et al. 2008) and are the cause of some cases of phase separation. However, similar results based on DSC of vesicles containing natural Cers of different length do not support a similar assumption (Veiga et al. 1999) . Monolayer and bilayer approaches were employed to study the mixture of 16:0 SM/ 16:0 Cer. In both systems, 16:0 Cer exerts a number of effects in a composition-dependent manner up to X 16:0 Cer 0.3-0.4 (Busto et al. 2009 ). An interpretation of the data on the basis of lipid bilayer observations (Sot et al. 2006 ) is that 16:0 Cerrich and 16:0 Cer-poor phases are immiscible and phase-segregated. In the range X 16:0 Cer 0-0.4, monolayer experiments show a strong condensing effect exerted by the addition of 16:0 Cer (Fig. 2 ). This appears to be due to the incorporation of 16:0 SM into 16:0 Cer-enriched LC domains with a concomitant phase state change of the 16:0 SM molecules from LE to LC (Fig. 2) . The estimation of two coexisting phases in 16:0 SM-rich monolayers, composed of~5 and 30 mol% 16:0 Cer, respectively, is compatible with the measurements performed in vesicle bilayers. In the limit case of 30 mol% 16:0 Cer, a 16:0 SM-rich DSC endotherm is no longer visible in mixtures containing >30 mol% 16:0Cer, and GUVs containing >40 mol% 16:0 Cer cannot be formed (Busto et al. 2009 ), presumably because a certain proportion of the 16:0 SM-rich bilayer is required for vesicle stability. Several independent observations suggest the existence of more than one 16:0 Cer-enriched phase. The LC (16:0 Cer-enriched) phase observed in monolayers at X 16:0Cer > 0.4 is, in fact, a mixture of two condensed phases (Busto et al. 2009 ). Also, Sot et al. (2006) observed domain coexistence over a large region of the egg SM/egg Cer temperature-composition diagram by using calorimetric, fluorescence quenching, and temperaturedependent turbidimetric measurements.
A further aspect that deserves some comment is the difference of morphology observed for 16:0 Cer-enriched domains in monolayers. Although small 16:0 Cer concentrations induce segregation in branched domain structures, higher concentrations promote circular and/or peanut-like domain generation. These differences can be understood, according to McConnell's shape transition theory (McConnell 1990) , in terms of a competition between two opposing effects, line tension at the domain borders and lateral dipole-dipole repulsion between the coexisting phases. In the presence of 10 mol% 16:0 Cer, domain morphology shows almost circular shapes. By contrast, at 5 mol% 16:0 Cer, round shapes are no longer stable and branched domains of relatively large size are observed (Fig. 2) . The latter are likely above the critical area for circular-to-branched shape transition driven by dipolar repulsion within the domain. Morphological changes of Cer-enriched domains where Cer is generated by sphingomyelinase enzymatic activity were described ). This promotes out-of-equilibrium, high Cercontaining branched domains, whereas subsequent enzyme inactivation induces a change to circular shapes by driving the system toward equilibrium. The stable 16:0 Cer concentration close to 30 mol% within 16:0 Cer-enriched domains appear to reflect near-equilibrium conditions for Cer in mixtures with SM. Small deviations from this concentration cause non-equilibrium conditions and a greater tendency toward branched structures. The observed stable composition (X 16:0 Cer 0.3-0.4) probably reflects the Cer concentration necessary for membrane defects to occur in a specific location, which is, in turn, possibly related to Cer-induced physiological mechanisms [see reviews by Goñi and colleagues; Kolesnick et al. (2000) ; Cremesti et al. (2002) ; Goñi and Alonso (2009)] .
Mixed films of 2-hydroxy 28:4 Cer with its relative 2-hydroxy 28:4 SM also showed phase separation and formation of Cer-enriched domain (Peñalva et al. 2014) . However, the solubility of the VLCPUFA Cer into the SM-enriched phase is larger than that observed for 16:0 Cer/16:0 SM films (X VLCPUFA Cer~0 .25 vs. X 16:0 Cer~0 .05). Both the premixed and the enzymatically generated 2-hydroxy 28:4 Cer/28:4 SM films lead to round or worm-like condensed domains. This Busto et al. (2009) effect can be explained as a consequence of a lower difference in the dipole-dipole repulsion between the coexisting phases than that observed in films of 16:0 Cer/16:0 SM. The richer VLCPUFA Cer concentration in the LE phase may have important physiological implications. As commented above, those particular Cers show very large molecular areas in the LE phase, which, combined with a small polar group, result in an inverted cone molecular shape. According to the geometric packing theory (Israelachvili 2011) , the enzymatic generation of VLCPUFA Cer promotes the formation of highly curved membranes and vesicle aggregation, an important feature for the acrosomal reaction that takes place in the head of spermatozoa where this kind of lipids abound (Peñalva et al., unpublished) .
The phase state of the components appears as a major factor determining miscibility and phase behavior among SMs and Cers even in cases where the lipids have a considerable hydrocarbon chain length mismatch. 16:0 and 24:0 SMs interact favorably in binary mixtures with 10:0, 16:0, 24:0, and 24:1 Cers (Dupuy and Maggio 2014) ; this is contrary to the binary mixtures of Cers, in which there is a strong dependence of the miscibility on the hydrophobic mismatch between the components (Dupuy and Maggio 2012) . The SM/Cer mixtures were characterized by area condensation at low surface pressures and film stiffening at high surface pressures, indicating not only attractive interactions but also complementary accommodation of the molecules at the interface (Dupuy and Maggio 2014) . Similar packing interactions were observed in binary mixtures in which one of the components bears a smaller polar head group than the other, such as in the Bmolecular cavity^effects in mixed films of GM1/Cer (Carrer and Maggio 2001; Maggio 2004 ) and GM1/dipalmitoyl-PC (Frey et al. 2008) .
In mixtures of 16:0 SM with different Cers (10:0, 24:1, and 24:0) at 5 mN.m −1 , the condensation of the mean molecular area increases linearly with the proportion of Cer, reaching the maximum effect at a proportion of 3:2 (Cer:SM) and remaining essentially invariable thereafter, or even decreasing in the case of the mixture with 10:0 Cer (Fig. 3) . This indicates that, at that molar ratio, an optimum packing is reached in which a condensed lattice with enhanced chain interactions occurs. For example, in the case of the mixture 24:1 Cer/16:0 SM in the proportion 3:2 (X Cer = 0.6), the mean area condensation at a surface pressure of 3 mN.m −1 is 15 Å 2 , from 58 (ideal value) to 43 Å 2 (Fig. 4) . Thus, the amount of area condensation of five molecules of SM and Cer in the proportion 3:2 in a mixed film is roughly equivalent to the area occupied by one SM molecule (almost 75 Å 2 ). Lateral condensation in lipid mixtures occurs when a lattice of usually more expanded molecules can accommodate condensed molecules. This is reflected in a negative excess free energy of mixing that usually implies a favorable enthalpic compensation for the entropy loss due to the increased ordering of the molecules balancing an unfavorable increased electrostatic repulsion in the crowded array of molecular dipoles.
The mixture formed by 10:0 Cer/16:0 SM provides further insights into the molecular interactions and their effect on the lateral packing in the mixture because, at 5 mN.m , both the single components and the mixture form expanded phases. The partial mean molecular area contribution of SM in the mixed film was much smaller than its own mean molecular area (80 Å 2 ) at X 10:0 Cer > 0.4, reaching a value of 30 Å 2 at X 10:0 Cer = 0.9 (Fig. 5) , which is even less than the value of the cross-sectional area occupied by two closely packed all-trans hydrocarbon chains.
On the other hand, the partial mean molecular area contribution of 10:0 Cer at 5 mN m −1 at X 10:0 Cer = 0.6−0.7 was also smaller but only by 30% of its own mean molecular area (Fig. 5) . The unrealistically smaller partial molecular area contribution of SM to the mean molecular area of the mixture in Cer-enriched films is due to the strong condensation brought about by the Cer molecules. They can be accommodated in spaces available in the more expanded SM lattice (molecular cavity effect) reflected by the more than 30% area loss of the Cer partial contribution to the mean area of the mixed film. The surface topography of SM/Cer films was affected, not only by an increase of the film optical thickness but also by the consequences of hyperpolarization of the interface (Fig. 4) . Condensed domains of large size are formed over the plateau of the compression isotherms of the mixtures that exhibit a transition region (Dupuy and Maggio 2014) .
For example, the mixture 24:1 Cer/16:0 SM shows the largest domains (Fig. 4 ) when compared to domains formed during the compression of the mixtures of 16:0 SM with either 10:0 or 24:0 Cer (Fig. 6 ) or with 12:0 SM/24: 1 Cer (Fig. 4) . This is in agreement with the degree of hyperpolarization of the perpendicular dipole moment of the different mixtures with respect to the ideal behavior and with the difference between the perpendicular dipole moments of the expanded and Dupuy and Maggio (2014) . Copyright 2014 American Chemical Society condensed states of each mixture. In fact, the theory for domain shape equilibrium (McConnell 1990; Gutierrez-Campos et al. 2010; Vega Mercado et al. 2012) states that the difference in dipole density between the expanded matrix and the overall dipole of the condensed domains determines that flower-like shapes of increased line tension would form, whereas lower dipole density differences among the segregated condensed and expanded phases should lead to round-shaped domains having a lower line tension.
The mixing behavior of the highly dissimilar lipids 10:0 Cer and 24:0 SM is also in keeping with enhancement of interactions due to complementary packing in an optimal lattice (Dupuy and Maggio 2014) . The larger and more hydrated polar head group as well as the asymmetry of the acyl chains both impair a tight packing of SM molecules, yielding an expanded matrix in which Cer with a smaller polar group can be accommodated. On the other hand, the asymmetric 10:0 Cer, due to the shorter N-acyl chain, can also form films in the expanded state, depending on the surface pressure. A difference of eight carbons in the N-acyl chain length between the sphingoid and N-acyl chains in the molecules leads to complete immiscibility, whereas mixed films of condensed Cers with a mismatch of just four carbons forms mixed expanded phases (for example, 14:0/10:0 Cers or 16:0/12:0 Cers) (Dupuy and Maggio 2012) . This is in agreement with the overall results because, in the case of mixing lipids of the same kind, the phase state of a lipid correlates with the length of the N-acyl chains, and the dependence of the mixing behavior with the hydrophobic mismatch between components is directly related to differences of their phase state.
Even though the hydrophobic mismatch between the components of the mixtures 24:0 Cer/12:0 SM and 10:0 Cer/24:0 SM differ by only two methylene groups, the difference in the phase state between a long chain Cer (very condensed) and a short chain SM (expanded) is much larger than in the case of a short chain Cer (less condensed) and a long chain SM (less expanded). This can explain why a highly condensed lattice formed by the long chain Cer prevents miscibility with the short chain expanded SM, whereas the more expanded short chain Cer allows mixing with a more condensed long chain SM over the whole range of composition.
Ceramide-glycosphingolipid interactions
On biochemical terms, biosynthetic pathways of GSLs include increased glycosylation of Cer by selective enzymes that establish biosynthetic diversion points for sequences of substrate-product relationships of GSLs with different oligosaccharide chain complexity [for further references, see Maccioni et al. (2002) ; Yu et al. (2004)] . At the membrane level, such a rather complex biocatalytic pattern further introduces an important physico-chemical problem related to the favorable or unfavorable thermodynamic tendency for mixing among precursor-product GSLs having marked differences in their molecular packing, surface electrostatic, and phase state. Rather thorough reviews on the biophysical behavior of a considerable number of GSLs of different complexity are available in the literature (Maggio 1994; Maggio et al. 2004 Maggio et al. , 2006 Maggio et al. , 2008 .
The presence of a lactose moiety in the polar head group works against homo-association and actually weakens intermolecular interactions by reducing packing efficiency (Regen 2002) . This questions the common misunderstanding that hydrogen bonding among glycolipids could be an initial driving force for their self-segregation. On the contrary, further glycosylation in the polar head group of the more complex GSLs further decreases intermolecular cohesion, a consequence of more favorable hydrogen bonding to water in the oligosaccharide hydration shell (Bianco et al. 1988) . Moreover, the complete phase diagrams of more than 11 binary mixtures with DPPC showed that segregation of domains enriched in GSLs is due to the phospholipid tendency to exclude the latter and not to the self-segregation of the former (Maggio et al. 1985) .
Mixed films of Cer and neutral GSLs with short oligosaccharide chains show non-ideal mixing behavior and expansion of the mean molecular area at all surface pressures. This is accompanied by positive deviations from ideality of the average surface potential per unit of molecular surface density (commonly denominated surfaced potential/molecule), indicating molecular dipole hyperpolarization and intermolecular repulsion in the mixed films (Fig. 7a) . In spite of the area expansion, the in-plane (Gibbs) elasticity of the film is rather high (relatively large values of the compressibility modulus K over the whole range of mean molecular areas) compared to that of ideal mixtures; this indicates that molecular hyperpolarization imposes interfacial rigidity which reduces the liquid-expanded character, together with an increase of intermolecular separation due to dipolar repulsion (Maggio 2004) . A conspicuous change of behavior occurs in mixtures of Cer with GSLs having more than three carbohydrate units. Compared to ideal monolayers, the mixed films are slightly expanded at low surface pressures but condensation of the mean molecular area can be observed at high lateral pressures (Fig. 7b) . In spite of intermolecular condensation, the interface remains slightly hyperpolarized, with the in-plane elasticity above (larger K values) that of the ideal mixture (Maggio 2004) .
Mixed films of Cer with ganglioside GM3 [the simplest ganglioside, and a key point for diversion of enzymatic routes for ganglioside biosynthesis (Maccioni et al. 2002; Yu et al. 2004 )] show molecular area condensation (Fig. 7c) with ideal behavior of the surface potential/molecule. This suggests a Bmolecular cavity^effect (Maggio et al. 1997; Carrer and Maggio 2001; Diociaiuti et al. 2004) , consistent with reduction of the mean molecular area with essentially unchanged dipolar properties of the lipids and of the film elasticity compared to an ideally mixed film. The interactions of Cer with ganglioside GD3, located at a further diversion point in the biosynthetic pathway of complex gangliosides (Maccioni et al. 2002; Yu et al. 2004) , are similar to those of mixtures with GM3 (Fig. 7c) . With more complex gangliosides, the mixed films with Cer exhibit condensation of the mean molecular area and interfacial depolarization (Fig. 7d) . The increase in polar head group complexity of the ganglioside (in the series GM2, GM1, GD1a, and GT1b) brings about an increase of the magnitude of molecular condensation, depolarization, and an increasingly reduced in-plane elasticity compared to the ideally mixed films (Maggio 2004) .
The variation of mean molecular area and average surface potential/molecule, with respect to the ideal behavior, in a binary monolayer can be due to changes of the molecular parameters of one, the other, or both lipid components (Maggio et al. 1997; Carrer and Maggio 2001) . At constant (low or high) surface pressure, the contribution of Cer to the cross-sectional molecular area and surface potential/molecule in mixed monolayer with GlcCer at high proportions of Cer do not show large changes compared to the area contribution in pure Cer films (Fig. 8a) . On the other hand, significant increases of those parameters occur at high proportions of GlcCer. Similarly, the area and surface potential/molecule contributions of GlcCer are increased at high proportions of Cer compared to pure films of GlcCer (Fig. 8d ). This behavior is essentially similar in mixed films of Cer with LacCer.
In mixtures of Cer with Gg4Cer, having a longer neutral oligosaccharide chain, a different behavior is observed at low compared to high surface pressures (Fig. 8b) . At low surface pressures, the contributions to the mean molecular area and average surface potential/molecule in the mixed films are similar to those described above for films of Cer and GlcCer. However, at high surface pressures, the molecular area contribution to that of the mixture is decreased for either Cer or Gg4Cer in films enriched, respectively, with the other component. The variation with the film composition of the contribution of the partial surface potential/molecule of each lipid at high surface pressure follows the same trend as at low pressures when the proportion of the other lipid in the mixture is high.
Mixed films of Cer and GD1a exemplify the behavior found in mixtures with the more complex gangliosides (Fig. 8c) . The molecular area contribution of Cer in mixed films with a high proportion of GD1a is not changed, either at low or high surface pressures, and is similar to that in films of pure Cer. On the other hand, in films with increasing proportions of ganglioside, the Cer contribution to the mean molecular area of the mixture is, at first, greatly reduced and then it no longer contributes to the film area and its partial molecular area can even acquire negative values (Maggio 2004) . This indicates that Cer becomes Bsequestered^in surface defects due to irregular lateral packing in the two-dimensional ganglioside-enriched lattice (Carrer and Maggio 2001; Rosetti et al. 2003; Maggio 2004) . The films are non-ideal, exhibiting strong condensation and depolarization that reveals molecular interactions and Bmiscibility^on the nm scale range according to the additivity rule. However, on the μm scale range, these Fig. 7 The surface pressuremolecular area isotherms of mixed monolayers of ceramide and glycosphingolipids or gangliosides: (a) mixed films of ceramide and GlcCer; (b) ceramide and Gg4cCer; (c) ceramide and GM3; and (d) ceramide and GD1a. The insets show the deviation from the ideal behavior (dashed straight line) of the mean molecular area at the surface pressure indicated for the mixed films in the proportions shown in the abscissa. Extracted from Maggio (2004) films show coexistence of condensed Cer-enriched and liquidexpanded GM1-enriched domains in a microheterogeneous topography that can be visually observed along the lateral plane (Rosetti et al. 2003) . This is, again, another example where a large amount of lateral interface establishes domain line tensions and super-lattice structuring that blur away intermolecular cooperativity on the short range, thus resulting in smooth compression isotherms. In addition, the average optical thickness of these interfaces, at least at surface pressures above 20 mN.m −1
, is increased compared to that found in pure Cer films, which can be mostly accounted for by the protrusion of the ganglioside oligosaccharide chain perpendicularly into the aqueous subphase (Rosetti et al. 2003) .
In bulk dispersions, the Cer-ganglioside interactions in the two-dimensional plane can be further transduced to thermodynamic-geometric compensation escaping into the third dimension, which affects the phase state and topology of the self-assembled structure (Carrer and Maggio 2001) . In the mixed films, the contribution of Cer to the surface potential/ molecule progressively diminishes as the content of ganglioside is increased: it abruptly decreases to very low values at high ganglioside proportions, indicating strong lipid depolarization in these conditions. In turn, the molecular area contribution of the ganglioside in the mixed film is gradually decreased as the proportion of Cer increases, while the surface potential/molecule contribution results in the film being gradually depolarized [Fig. 8 and Maggio (2004) ]. The molecular area contributions to that of the mixed monolayer of GD1a or GT1b with Cer are greatly reduced. However, the crosssectional area contribution of these gangliosides does not reach values as small as those observed for the molecular area contribution of GM1, namely about 35 Å 2 (Carrer and Maggio 2001) , which is about the minimum possible for two closely packed hydrocarbon chains perpendicular to the interface. This is consistent with previous reports indicating that the extended oligosaccharide chain of gangliosides and other GSLs, oriented perpendicularly to the interface (Maggio et al. 1978b (Maggio et al. , 1981 Li et al. 2002; Diociaiuti et al. 2004) , can largely Bfit^under the area of two closely packed hydrocarbon chains. For the more complex oligosaccharide polar head groups, slightly more spacing is required, especially at low surface pressures (Maggio et al. 1981; Carrer and Maggio 2001) .
The compression free energy (the two-dimensional work required to bring together the GSL molecules from the liquidexpanded state to a closely packed state) increases in an approximately linear fashion. This indicates that it is increasingly more difficult to closely pack these lipids as they contain more complex polar head groups (Fig. 9a ) due to steric, dipole moment and electrostatic charge repulsion, and hydration- Fig. 8 Variation of partial mean molecular area and average surface potential/molecule with the films composition in mixed monolayers of ceramide with GSLs. The variation of the partial mean molecular area (thick lines) or the partial average surface potential/molecule (thin lines) of ceramide (a-c) in the presence of GlcCer (d), Gg4Cer (e), or ganglioside GD1a (f) is shown for mixed films with the proportions of ceramide indicated in the abscissa. As indicated in each panel, the surface pressures points at which the values were derived for both parameters correspond to 5 mN.m −1 (upper curves) and 30 mN.m −1 (lower curves); in c and f, the curves for the surface potential/molecule (thin lines) at 5 and 30 mN.m −1 are essentially superimposed. Reprinted from Maggio (2004) , copyright 2004, with permission from Elsevier dehydration effects mediated by the complexity of the polar head group and the coalescence of the oligosaccharide hydration shell. This occurs with the release of interfacial water, balanced by cohesive interactions among the hydrocarbon chains beyond a certain proximity (Maggio et al. 1981; Bianco et al. 1988) . The sign and magnitude of the excess free energy of compression (the difference between the compression free energy of the mixed film and that of the corresponding ideal mixture in which mixing results solely from entropic effects) reflects how favorable are the lipid-lipid interactions. As an example, the excess free energy of compression of films containing Cer becomes progressively more favorable as the oligosaccharide chain of the GSLs in the binary mixture is more complex (Fig. 9b) .
General summary
The capability of even a single type of Cer or SM to induce formation of solid-like segregated domains, with effects on the more liquid-like regions of membranes, should not be considered lightly, but only after strictly defining the type of N-linked acyl chain composition involved and how the components mix among themselves. The most common Cers in biological systems, 16:0 Cer, is not completely solid, different to what is usually conceived, but it displays a rich phase coexistence even over the physiological temperature range (see also Part I of this Special Issue). At low temperature, middle long Cer monolayers behave as very rigid solid films, displaying viscoelastic features (López-Montero et al. 2013 ). However, this condition changes upon heating of a few degrees. Above the physiological temperature, a softened solid or LC phase is observed (Fanani and Maggio 2010; Catapano et al. 2015) , and a further increase in temperature shows the presence of LE monolayers. On the other hand, Cers with shorter chains can also form expanded mixed phases, depending on the surface pressure. It is worth recalling that the average lateral surface pressure in biomembranes largely fluctuates (even by more than ±15 mN.m −1 ), depending on the thermal energy and film elasticity, especially when phase coexistence occurs (Phillips et al. 1975) . Thus, transient mixingdemixing processes among different Cer species continuously occur in biomembranes, both inside Cer-enriched rigid domains or platforms as well as in the expanded phase, which may regulate lateral partitioning of lipids and proteins. The results described highlight the rich complexity of mixingdemixing phenomena involving Cers which is usually neglected but should be taken into account when considering structure-mediated signaling in biomembranes (van Blitterswijk et al. 2003) .
The phase state of the components appears as a major factor determining miscibility and phase behavior among SMs and Cers, even in cases where the lipids have a considerable hydrocarbon chain length mismatch. The two-dimensional mixing of the simpler sphingolipids bearing different hydrocarbon moieties is quite complex, similar to the polar headgroup-driven miscibility among the more complex glycosphingolipids bearing different oligosaccharide chains (Maggio 2004 ). Molecular cavity effects and critical lattice distortion not only cause lateral reorganization in terms of the segregation of condensed domains but also have farreaching consequences for the molecular packing, surface hyperpolarization, and elasticity of the interface. These features can also modulate protein insertion and enzyme activities , such as dipole potential-and packingsensitive lipases PLA2 (Perillo et al. 1994; Maggio 1999 ).
The mixing behavior of different species of Cers and SMs in terms of their N-acyl chain shows that BCer-enriched domains^present in an expanded membrane should still behave Fig. 9 Variation of compression free energy in monolayers of GSLs and excess free energy of compression in mixed films with ceramide. The free energy of compression between 2 and 35 mN.m −1 of the sphingolipid indicated in the abscissa is shown in (a). The variation with the type of oligosaccharide chain in the GSLs can be described by two regression lines with different slopes for the series of neutral GSLs (267 cal/mol/ carbohydrate residue, r 2 = 0.995) and gangliosides (390 cal/mol/ carbohydrate residue, r 2 = 0.999).The excess free energy of compression for films of the GSLs indicated in the abscissa with ceramide in equimolar proportions is shown in (b). Reprinted from Maggio (2004) , copyright 2004, with permission from Elsevier as solid platforms with important biological implications. However, it cannot be simply conceived as highly condensed and phase-segregated only on the basis of the properties of the more commonly studied Cer analogs and then extrapolated to all types of Cer mixtures, let alone natural membranes. SMs show a more expanded behavior than Cers N-acylated with the same fatty acyl chains, and both types of lipids interacted favorably in monolayers at the air−water interface, even in the presence of considerable hydrocarbon chain length mismatch. The complementary packing between these sphingolipids leads to mean area condensation and film stiffening accompanied by hyperpolarization and optical thickening of the interface in most of the mixtures. The optimal packing of the components in the mixtures enhanced molecular interactions necessary to counterbalance increased dipolar repulsions, indicating that the ordering in the hydrocarbon region is a major factor influencing the mixing behavior of different species of SM and Cer.
Surface miscibility depends more on the phase state of the major component than on the hydrophobic mismatch in the acyl chain lengths. Total immiscibility could be observed only in the case of the mixture between a short chain SM (12:0 SM, fully expanded monolayer) and a long chain Cer (24:0 Cer, fully condensed monolayer). The fact that long chain Cers such as 24:0 and 24:1, but not 16:0 Cer, can form mixed expanded phases with different SMs as a consequence of the acyl chain disorder introduced by the relative asymmetry of the length of the hydrocarbon chains and the resulting overall phase state is a novel finding in the field of membrane biophysics of sphingolipids that challenges the common idea of Cers as only being a solid domain-forming lipid.
The partial molecular properties in the binary mixtures of Cer and GSLs exhibit, in general, the following trend. In mixed monolayers exhibiting mean molecular area expansion, the area contribution of each component is individually increased in films containing a high proportion of the other; at the same time, the surface potential/molecule contribution of each lipid indicates hyperpolarization. In films exhibiting condensation of the mean molecular area, the contribution of the more expanded lipid (usually the one with the more complex oligosaccharide chain) undergoes progressive reduction as the proportion of the more condensed GSLs increases in the mixed film. On the other hand, the partial molecular area and partial surface potential/molecule contributions to the mixture of the more condensed GSLs remain relatively unchanged until high proportions of the more expanded component are reached. After this, its contribution to the properties of the mixed film becomes markedly reduced and, in mixtures of the simplest GSLs with those having complex polar head groups, can even acquire negative values due to its sequestration in a lattice exhibiting molecular cavity effects. The likelihood for lateral packing defects in the two-dimensional lattice increases with the polar head group complexity and, when the oligosaccharide chain of two GSLs in the mixture is either relatively large or small compared to the other Bmolecular cavity^, effects occur. It is increasingly more difficult to closely pack GSLs as they contain more complex polar head groups due to steric, dipole moment and electrostatic charge repulsion, and hydration-dehydration effects.
As a concluding remark, it is worth pointing out that the miscibility capacity of the sphingolipids discussed in this revision work influence the overall lateral structure and membrane texture at the mesoscale level, as well as the topological structure of the three-dimensional organization of the membrane. Thus, changes in composition due to enzymatic activity, fluctuations of surface pressure, and/or electrostatic effects have the potential of changing the miscibility properties and, by extension, the overall membrane structure.
